Evolution of magnetic fluctuations through the Fe-induced paramagnetic
  to ferromagnetic transition in Cr$_2$B by Arcon, D. et al.
ar
X
iv
:1
60
8.
01
13
6v
1 
 [c
on
d-
ma
t.s
tr-
el]
  3
 A
ug
 20
16
Evolution of magnetic fluctuations through the Fe-induced paramagnetic to
ferromagnetic transition in Cr2B
D. Arcˇon,1, 2, ∗ L. M. Schoop,3, 4 R. J. Cava,3 and C. Felser4
1Jozˇef Stefan Institute, Jamova c. 39, 1000 Ljubljana, Slovenia
2Faculty of Mathematics and Physics, University of Ljubljana, Jadranska c. 19, 1000 Ljubljana, Slovenia
3Department of Chemistry, Princeton University, Princeton, New Jersey 08544, USA
4Max-Planck-Institut fu¨r Chemische Physik fester Stoffe, 01187 Dresden, Germany
(Dated: October 15, 2018)
In itinerant ferromagnets, the quenched disorder is predicted to dramatically affect the ferro-
magnetic to paramagnetic quantum phase transition driven by external control parameters at zero
temperature. Here we report a study on Fe-doped Cr2B, which, starting from the paramagnetic
parent, orders ferromagnetically for Fe-doping concentrations x larger than xc = 2.5%. In parent
Cr2B,
11B nuclear magnetic resonance data reveal the presence of both ferromagnetic and antifer-
romagnetic fluctuations. The latter are suppressed with Fe-doping, before the ferromagnetic ones
finally prevail for x > xc. Indications for non-Fermi liquid behavior, usually associated with the
proximity of a quantum critical point, were found for all samples, including undoped Cr2B. The
sharpness of the ferromagnetic-like transition changes on moving away from xc, indicating significant
changes in the nature of the magnetic transitions in the vicinity of the quantum critical point. Our
data provide constraints for understanding quantum phase transitions in itinerant ferromagnets in
the limit of weak quenched disorder.
PACS numbers: 76.60.-k, 75.50.Cc, 73.43.Nq, 76.50.+g
I. INTRODUCTION
Itinerant ferromagnets are a class of materials for
which the transition from the paramagnetic to ferromag-
netic state is considered as a canonical example of a sec-
ond order phase transition. When an external control
parameter such as pressure suppresses the ferromagnetic
state, then these materials approach a quantum critical
point1 (QCP) that separates the itinerant ferromagnetic
state from its paramagnetic counterpart.2 In such cases,
the transition between two nearly degenerate magnetic
ground states is driven by nonthermal fluctuations and
the system undergoes a quantum phase transition at zero
temperature. In an external magnetic field, however, the
transition, before being completely suppressed, changes
to first order below a tricritical temperature.3,4 Moreover,
while itinerant ferromagnets are usually well described
within the framework of standard Fermi liquid theory, in
the proximity of a QCP a non-Fermi liquid state can of-
ten be inferred5,6 from resistivity measurements, i.e. the
resistivity displays a power-law temperature dependence
ρ ∝ T n with an unconventional exponent of n < 2.7
The existence of a QCP, the quantum critical region at
finite temperatures and non-Fermi liquid behavior has
been experimentally verified on a number of clean itiner-
ant ferromagnets, such as 3d-based MnSi,7,8 ZrZn2 (Ref.
9) or NbFe2 (Ref. 10) and 5f -based UGe2, URhGe or
UCoGe.11–14
In contrast to the established case of QCPs in the clean
itinerant ferromagnets mentioned above, the behavior in
systems with quenched disorder is less clear. Quenched
disorder is predicted to suppress the tricritical tempera-
ture until it vanishes at a critical value of disorder and
the transition changes back to second order with non-
mean-field exponents.2 However, examples of itinerant
ferromagnets where the ferromagnetic transition is sup-
pressed by quenched disorder at the QCP are remarkably
scarce. Therefore, there is a need for new model systems
where the nature of the phase transition and possible
deviations from the Fermi-liquid state can be systemat-
ically investigated close to the QCP in the presence of
disorder.
Recently, a paramagnetic to ferromagnetic phase tran-
sition has been reported in lightly Fe-doped Cr2B.
15 The
parent Cr2B is an intermetallic compound that crystal-
lizes in an orthorhombic structure16,17 (Fig. 1) with
many bands crossing the Fermi energy.18 Due to the
glide planes in the nonsymmorphic space group Fddd,
the presence of three-dimensional Dirac points in the
electronic structure is symmetry dictated and may ac-
count for the n−type carriers with high mobility mea-
sured in Hall effect experiments.18 According to first
principle calculations, the ground state of Cr2B should be
antiferromagnetic.19 Experimentally, antiferromagnetic
correlations have indeed been inferred from the magne-
tization data, although no transition to a long-range or-
dered phase in Cr2B has been found.
15 Upon Fe-doping,
detailed Arrott analysis of the temperature and the field
dependences of magnetization data revealed that a fer-
romagnetic phase emerges at a critical Fe-concentration
near x = 0.02.15 Moreover, the observed logarithmic con-
tribution to the heat capacity was taken as a hallmark of
quantum criticality, and the power-law exponent n ∼ 1
in the temperature dependence of resistivity was taken
to indicate a non-Fermi liquid state in doped samples.
However, whether Fe-doped Cr2B does indeed represent
a new family of intermetallics where quenched disorder
drives a ferromagnetic quantum phase transition calls for
2additional independent experimental confirmation.
Magnetic resonance techniques, such as nuclear mag-
netic resonance (NMR) and electron spin resonance
(ESR), have proven to be extremely powerful probes of
local spin susceptibilities and spin fluctuations close to a
QCP.20–26 Here we report detailed 11B NMR and ESR
measurements on polycrystalline Fe-doped Cr2B at dif-
ferent doping levels across the paramagnetic to ferromag-
netic transition. Surprisingly, we find a strong tempera-
ture dependent shift of the 11B NMR spectra that gen-
erally follows a Curie-Weiss-like dependence, revealing
a crossover from predominantly antiferromagnetic corre-
lations to predominantly ferromagnetic correlations at a
critical Fe-doping level of x ∼ 2.5%. On cooling, we find a
crossover to a low-temperature state where the 11B NMR
shift displays a non-Fermi-liquid T−1/2-dependence, thus
complying with what is expected in the vicinity of a QCP.
Simultaneously, the appearance of a strong electron spin
resonance signal and a substantial broadening of the 11B
NMR spectra provide evidence for ferromagnetic-like or-
dering at low-temperatures that is completely absent at
lower Fe-doping levels. The data presented here reveal
highly unusual behavior for Fe-doped Cr2B, which can-
not be simply rationalized within a standard Fermi-liquid
model. Moreover, the systematic evolution of the sharp-
ness of the ferromagnetic-like transition with Fe-doping
level implies significant changes in the nature of the phase
transition as the quenched disorder varies across the crit-
ical Fe-doping value for the quantum phase transition
(QPT).
FIG. 1. (color online). (a) The orthorhombic crystal structure
of Cr2B. (b) The local coordination of each boron site (green
polyhedron) has eight nearest Cr atoms (large blue spheres)
and two more B atoms (small green spheres) at apical posi-
tions.
II. EXPERIMENTAL METHODS
For this study, the polycrystalline Fe-doped Cr2B sam-
ples used in Ref. 15 to characterize the magnetic and
transport properties of the Cr2−xFexB system were em-
ployed. The Fe-doping range is between 0 and 5%. Ac-
cording to powder x-ray diffraction, only very small frac-
tions of non-magnetic Cr metal were identified in the
diffraction profiles in addition to the doped Cr2B phase.
The samples were also characterized in detail by high
resolution transmission electron microscopy and high an-
gle annular dark-field scattering transmission microscopy
to exclude the possibility of Fe clustering. The mag-
netic susceptibility data excluded the presence of mag-
netic impurities.15
For the temperature-dependent ESR experiments, the
samples were sealed under helium in a standard 4 mm-
diameter silica tube (Wilmad Lab Glass) whereas for the
11B NMR experiments, samples with a mass of around
90 mg were directly inserted into the NMR coil. A con-
ventional continuous wave (cw) electron paramagnetic
resonance spectrometer operating at a Larmor frequency
ESRνL = 9.6 GHz was employed to detect the electron
spin resonance. The spectrometer is equipped with a
standard Varian E-101 microwave bridge, a Varian rect-
angular TE102 resonance cavity, and an Oxford Cryo-
genics continuous-flow helium cryostat. The temperature
stability was better than ±0.1 K over the entire temper-
ature range of measurements (4− 300 K).
The 11B (nuclear spin I = 3/2) NMR spectra and
the spin-lattice relaxation rates were measured between
5 and 300 K in a magnetic field of 4.7 T. The 11B NMR
shifts are determined relative to the Larmor frequency
11νL = 64.167MHz, defined by a BF3Et2O standard. For
11B NMR line shape measurements, a solid-echo pulse se-
quence, pi/2 − τ − pi/2 − τ − echo, was employed, with
a pulse length tw(pi/2) = 1.9 µs and an interpulse delay
τ = 40 µs. The complete polycrystalline NMR spec-
trum was obtained by summing the real part of spec-
tra measured step-by-step at resonance frequencies sep-
arated by ∆ν = 50 kHz. Since it was impossible to com-
pletely invert the 11B nuclear magnetization, we used the
saturation-recovery pulse sequence for the spin-lattice re-
laxation rate measurements. Typically, the saturation
train consisted of a sequence of 20 pi/2 pulses separated
by 50 µs.
Because 11B is a quadrupole nucleus, we model the
11B NMR spectra with the general spin Hamiltonian
H = HZ+HQ+HS comprising the nuclear Zeeman (HZ),
nuclear quadrupole (HQ) and
11B shift (HS) terms, re-
spectively. The later gives rise to the 11B NMR lineshift
of the central −1/2 ↔ 1/2 transition, K, and includes
the temperature independent chemical shift, σ, and the
Knight shift,Ks, which originates from the hyperfine cou-
pling to itinerant electrons. The most important term for
our study is Ks, as it is directly proportional to the local
electronic susceptibility χ, e.g., its isotropic part is given
by Kiso =
as
NAµ0
χ, where as is a hyperfine coupling con-
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FIG. 2. (color online). (a) Comparison of the room-
temperature 11B NMR spectra (gray shaded area) measured
on polycrystalline Fe-doped Cr2B samples at various Fe-
doping levels. Solid red lines are the powder lineshape fits
to a model that includes anisotropic shift and quadrupole ef-
fects up to the second order. A single 11B NMR component
was sufficient in all cases. (b) Fe-doping dependence of the
11B NMR linewidth broadening parameter, δ1/2, (solid circles,
left scale) and of the quadrupole frequency νQ, (open circles,
right scale). The solid and dashed black lines are guides to the
eye for the Fe-doping dependence of δ1/2 and νQ, respectively.
stant, NA is Avogadro’s number and µ0 is the magnetic
permeability of vacuum. When analyzing the 11B NMR
spectra of Cr2B we include the
11B anisotropic shift and
the quadrupole effects up to the second order. Fitting of
the spectra thus yields, in addition to K, the quadrupole
splitting frequency νQ =
3eVzzQ
h2I(2I−1) and the asymmetry
parameter η = (Vxx−Vyy)/Vzz , both defined by the com-
ponents of the electric field gradient (EFG) Vij at the
11B site. Here Q and h are the 11B quadrupole moment
and the Planck constant, respectively. The powder NMR
spectrum is computed as a histogram of resonance fre-
quencies obtained by summing over uniformly distributed
polar and azimuthal angles of the magnetic field orien-
tation with respect to the quadrupole tensor principal
axes.27,28 We included the homogeneous broadening of
the line through the convolution of the computed spectra
with a Lorentzian line with a full-width-half-maximum
δ1/2. The effect of quadrupole splitting frequency distri-
bution on 11B NMR spectra was also tested by using nor-
mally distributed values of quadrupole frequencies with
the center at νQ and width of ∆νQ.
III. RESULTS AND DISCUSSION
A. Homogeneity of the Cr2B samples after Fe
doping
The room temperature 11B NMR spectrum of Cr2B
sample [Fig. 2(a)] displays a characteristic quadrupole
powder lineshape with a clearly pronounced satellite
transition (±3/2↔ ±1/2) singularities flanking the cen-
tral peak that corresponds to a −1/2 ↔ 1/2 transi-
tion. The spectrum is considerably shifted by K =
−228(3) ppm relative to the 11B NMR reference fre-
quency. The central peak has a nearly Lorentzian
lineshape thus implying that the broadening due to
the anisotropic shift interactions and the second-order
quadrupole corrections is negligible. A lineshape fit of
the spectrum yields a quadrupole splitting frequency
of νQ = 471(8) kHz and an asymmetry parameter of
η = 0.02(1). Surprisingly, we find η ≈ 0, although
the 11B site symmetry – B is at the low-symmetry 16g
(0.125, 0.125, 0.4993) site [Fig. 1(b)]16,17 – does not re-
quire such a restriction. The homogeneous broadening is
δ1/2 = 24(1) kHz.
Light doping of Cr2B with 0.5% Fe induces almost no
change to the 11B NMR lineshape [Fig. 2(a)] and the
unconstrained fit returns, compared to parent undoped
Cr2B, nearly the same νQ = 483(9) kHz, η = 0.02(1) and
δ1/2 = 24(1) kHz. As the level of Fe-doping increases,
however, the 11B NMR spectra drastically broaden, and
for 5% Fe doping the central peak also becomes slightly
anisotropic. On extracting the parameters from the 11B
NMR lineshape fits, we first notice that νQ marginally re-
duces with increasing Fe concentration [Fig. 2(b)], i.e. to
467(8) kHz, 465(8) kHz and 461(10) kHz in the 2%, 2.5%
and 5% doped samples, respectively. This insensitivity
of νQ to the Fe-doping implies that the lattice around
the B-sites contributing to the measured spectra is not
markedly perturbed for Fe-doping levels up to 5%. (We
note that it is possible that the B atoms sitting next to
Fe-dopant atoms experience significantly different EFG
and hyperfine fields that shift and broaden the spectra
beyond the sensitivity of the present NMR experiments.)
Nevertheless, the local hyperfine fields at “weakly per-
turbed” 11B sites do change, judging from the Fe-doping
variation in the linewidth parameter δ1/2, which increases
to 31(1) kHz, 34(1) kHz and 64(2) kHz for 2%, 2.5% and
5% Fe doping, respectively [Fig. 2(b)]. Simultaneously,
satellite transition singularities become significantly less
pronounced, which explains the larger η = 0.08(1) for
the largest Fe-doping level. (We note that for the 5%
doped sample a 11B NMR lineshape fit that includes a
small distribution of νQ, i.e. ∆νQ/νQ = 6%, describes
the experimental spectrum equally well.) Therefore we
find that Fe-doping indeed introduces some local-site dis-
order, which is rather sensitively picked up by the NMR
parameters. However, because all 11B NMR spectra can
still be simulated with a single well-defined value of νQ,
we conclude that the Fe-doping must be rather homoge-
neous for all samples, consistent with previous chemical
and structural characterization.15
4B. The paramagnetic state of parent Cr2B
Fig. 3a shows the temperature dependence of the cen-
tral transition peak in parent Cr2B. This peak retains
its Lorentzian lineshape at all temperatures and shows
almost no broadening between room temperature and
T = 4 K. The complete absence of broadening of the
powder 11B NMR spectra is a firm evidence that no
static magnetic order is established. However, the spec-
tra monotonically shift towards higher frequencies with
decreasing temperature. Between room temperature and
50 K the 11B NMR shift K shows [Fig. 3(b)] a Curie-
Weiss-like dependence
K(T ) = σ +B/(T − Tcw) . (1)
Here we identify the constant σ = −264(3) ppm as a tem-
perature independent chemical shift. On the other hand,
the second temperature-dependent Knight-shift contri-
bution originates from the hyperfine interactions with
the unpaired electronic moments. The extracted nega-
tive Curie-Weiss temperature Tcw = −12(3) K implies
that the involved itinerant electronic states are antiferro-
magnetically correlated and thus corroborates the mag-
netization data15 and the first principle calculations.19
At T ≈ 35 K we notice a small discontinuity in K,
but for lower temperatures K still continues to increase
with decreasing temperature. Plotting the temperature
dependence of the Knight shift Ks(T ) = K(T ) − σ on
a log-log plot [inset to Fig. 3(b)], we notice a gradual
change of slope at around 35 K. Whereas at higher tem-
peratures the slope ofKs indeed fits to a T
−1 dependence,
as established above, we find that for lower temperatures
Ks develops approximately a T
−1/2 dependence before
leveling off at the lowest temperatures. A very similar
sequence of power-laws in the temperature dependence
of the Knight shift has been reported for YbRh2Si2,
20
and attributed to non-Fermi-liquid behavior in the vicin-
ity of a QCP.
Next, the spin dynamics in the paramagnetic state of
parent Cr2B were probed through the
11B spin-lattice re-
laxation rate 1/T1. In striking contrast to the strongly
temperature dependent K, the spin-lattice relaxation
rate divided by temperature, 1/T1T , shows a much
weaker temperature dependence [Fig. 3(c)]. Between
room temperature and 35 K, 1/T1T gradually decreases
by ∼ 30%, but then on further cooling it starts to in-
crease again.
For correlated metals where electron-electron exchange
enhancement effects are important, the Korringa relation
is29
11T1TK
2
s =
h¯
4pikB
γ2e
γ211
β . (2)
Here γe and γ11 are the electronic and
11B gyromag-
netic ratios, respectively. The Korringa factor β is intro-
duced to account for the electron-electron exchange.29–31
Inserting the room-temperature value of 1/T1T = 2.9 ·
10−3 s−1K−1 and Ks = 25 ppm into Eq. (2) we calcu-
late β = 3.3 thus complying with the enhancement of
dynamic spin susceptibility. In general, β > 1 implies
ferromagnetic fluctuations,30,31 seemingly contradicting
the analysis of the Knight-shift data, which disclosed the
presence of antiferromagnetic correlations. We addition-
ally note that, although the precise value of the Korringa
factor β depends on the choice of σ, we still find that the
increase of β with decreasing temperature further cor-
roborates the presence of ferromagnetic correlations. In
order to explain this apparent contradiction, we suggest
that both ferromagnetic and antiferromagnetic spin fluc-
tuations are present, but the later are filtered out at the
11B site. Namely, the local coordination of 11B site has
eight nearest neighboring Cr atoms and two more 11B
sites at the apical positions [Fig. 1(b)]. We next point
out that near the Fermi level, the calculated density of
states is dominated by Cr d bands.19 Therefore, the ap-
propriate electron-nuclear Hamiltonian consists of a sum
of transferred hyperfine coupling of 11B at site k to the
eight nearest neighbor Cr electron spins at k. As a result,
the contribution of antiferromagnetic spin fluctuations to
the spin-lattice relaxation may be suppressed.29,32 The
important conclusion from this part of our study is thus
that although the multi-band Cr2B parent compound dis-
plays both antiferromagnetic and ferromagnetic correla-
tions, they are not sufficiently strong to establish a long-
range magnetically ordered state. The observed anoma-
lies at ∼ 35 K in both K(T ) and 1/T1T data imply the
presence of subtle electronic changes that may preclude
magnetic ordering at low temperatures, but additional
more detailed experiments in this temperature range are
required to unveil the nature of the undoped Cr2B sys-
tem.
C. The ferromagnetic state in Fe-doped Cr2B
Cr2B becomes ferromagnetic when 2% or more of the
Cr atoms are replaced by Fe.15 In order to investigate
the ferromagnetic state we first employ the electron spin
resonance technique. For 5% Fe-doped Cr2B in the high
temperature metallic paramagnetic phase, no conducting
electron spin resonance (CESR) signal could be detected.
However, as the temperature is decreased below ∼ 70 K,
an asymmetric Dyson-like resonance33 appears at a g ≈ 2
resonance field [Fig. 4(a)]. The Dyson lineshape of the
resonance is a hallmark of a metallic state, thus ruling
out previously undetected insulating iron-oxide impuri-
ties as a possible source of the observed ESR signal. With
decreasing temperature, the signal gradually grows in in-
tensity and shifts to lower resonance fields, signaling the
onset and growth of internal magnetic fields in the ma-
terial. The observed behavior is consistent with what
is seen for ferromagnetic resonance in the metallic state,
and thus agrees with the proposed ferromagnetic ground
state for 5% Fe-doped Cr2B.
As the Fe-doping level decreases, the appearance of the
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FIG. 3. (color online). Temperature dependences of (a) the
11B central transition (−1/2 ↔ 1/2) peak, (b) the shift of
the central transition peak, K, and the spin-lattice relaxation
rate 1/T1 divided by T measured in parent undoped Cr2B.
The vertical and horizontal dashed lines in (a) and (c) mark
room temperature values. The solid line in (b) is a fit with a
Curie-Weiss dependence to a negative Curie-Weiss tempera-
ture of Tcw = −12(3) K. The inset to (b) shows the temper-
ature dependence of the Knight shift, Ks, on a log-log scale,
obtained after subtracting the chemical shift σ from K. Solid
lines indicate the high-temperature slope of Ks ∝ T
−1 and
the low-temperature slope of Ks ∝ T
−1/2.
ferromagnetic-like resonance is systematically shifted to
lower temperatures. For instance, whereas at 40 K in 5%
Fe-doped sample the resonance signal is very strong, no
such line was detected at the same temperature for the
4% and 3.5% Fe-doping levels [Fig. 4(b)]. It is, however,
detected at lower temperatures for those compositions.
In order to quantitatively follow the ferromagnetic-like
resonance, we next fit the spectra to a Dyson lineshape33
[Fig. 4(a)]. The extracted temperature dependences of
the intensity of the resonance peak, which is proportional
to the sample’s magnetization, are summarized for differ-
ent Fe-doping levels in Fig. 4(c). The magnetic order-
ing onset temperature Tc systematically decreases from
∼ 70 K at 5% doping to ∼ 30 K and then to ∼ 18 K
for 4% and 3.5% Fe-doped samples, respectively. In ad-
dition, whereas the transition in the 5% doped sample
is smeared over a large temperature interval, it is much
sharper at lower doping-levels, which are closer to the
QCP. This experimental observation may imply signifi-
cant changes in the nature of magnetic transition in the
vicinity of the QCP.
Further insight into the development of local mag-
netic fields is provided by the 11B NMR spectra mea-
sured for 5% Fe-doped Cr2B [Fig. 5(a)]. Whereas the
spectra retain a characteristic quadrupole I = 3/2 pow-
der lineshape with small anisotropic Knight shift inter-
action [e.g., similar as at 300 K (Fig. 2)] on cooling
down to ∼ 140 K, broadening due to the anisotropic
Knight shift interaction gradually begins to dominate
the spectra at lower temperatures. Below ∼ 50 K the
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FIG. 4. (color online). (a) Temperature dependence of fer-
romagnetic resonance in 5% Fe doped Cr2B (black circles)
measured at X-band (ESRνL = 9.6 GHz) frequencies. Solid
red lines are fits of the spectra to the Dyson lineshape. The
dotted vertical line at 330 mT marks the resonance field of the
g = 2 electron paramagnetic resonance signal. (b) Compari-
son of ferromagnetic resonance spectra measured at 40 K for
5% (black circles), 4% (red triangles) and 3.5% (blue squares)
Fe-doped Cr2B, respectively. (c) Temperature dependence of
the intensities of the ferromagnetic resonance spectra for 5%
(black circles), 4% (red triangles) and 3.5% (blue squares)
Fe-doped Cr2B, respectively.
spectra already display a lineshape that is reminiscent
of anisotropic Knight shift interactions. Alternatively,
the lineshape broadening originating from the distribu-
tion of Knight shifts is less probable because it is not
accompanied also by the large quadrupole frequency dis-
tribution. Therefore, for the fits to the data, we assumed
temperature independent νQ = 461 kHz and η = 0.08,
both extracted from the room temperature spectra, and
that the isotropic K and anisotropic Kaniso parts of the
Knight-shift tensor are temperature dependent parame-
ters. The temperature dependences of K and Kaniso thus
obtained are summarized in Fig. 5(b). Both parameters
exhibit a very strong temperature dependence that can
again be described as a Curie-Weiss-like dependence be-
tween room temperature and 70 K. Fitting the isotropic
shift K(T ) to Eq. (1) yields σ = −270(8) ppm, which
is nearly identical to the corresponding chemical shift of
the parent Cr2B. On the other hand, we now find a pos-
itive Curie-Weiss temperature, TCW = 21(4) K, which
is thus fully consistent with the dominant ferromagnetic
correlations in heavily Fe-doped Cr2B. The temperature
dependence of Kaniso also supports this finding.
Large broadening of the 11B NMR spectra at low tem-
peratures, reflected in the enhanced Kaniso, clearly ev-
idences the development of static local magnetic fields
and thus of spin-freezing. The ferromagnetic TCW sug-
gests that the magnetic moments induced by Fe-doping
freeze into a spin state where ferromagnetic correlations
prevail. However, what may be surprising is that the
shift of K(T ) remains relatively small, i.e. on the order
of ∼ 300 ppm, which is thus only a fraction of Kaniso. We
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B = 9.7(9) · 103 ppm K and the ferromagnetic Curie-Weiss
temperature TCW = 21(4) K. The dashed blue line is a guide
to the eye. (c) Temperature dependence of the 11B NMR
spin-lattice relaxation rate divided by temperature, 1/T1T .
thus conclude that the contact hyperfine (or the isotropic
part of the transferred hyperfine) interaction with itiner-
ant electrons is nearly the same in Fe-doped Cr2B com-
pared to parent undoped Cr2B. The reason for this is
currently unknown, but one of the possibilities is that
when Fe is introduced into the lattice it creates localized
states that interact with 11B mostly via long-range, e.g.
dipolar, interactions. This may also explain the temper-
ature dependence of the spin-lattice relaxation rate [Fig.
5(c)]. Compared to parent Cr2B, the slightly shorter T1
at room temperature yields 1/T1T = 1.3 · 10
−3 s−1K−1,
and therefore a ferromagnetically enhanced β ≈ 8. On
cooling below ∼ 70 K, 1/T1T indeed starts to increase as
expected when close to the magnetic ordering. However,
the absence of a divergence in 1/T1T , normally found at
the magnetic ordering temperature, and the broadening
of the ferromagnetic-like transition observed in the ESR
data (Fig. 4) may be signatures of a distribution of fer-
romagnetic freezing temperatures, and thus of a smeared
transition to a ferromagnetic-like state with a high degree
of disorder.
D. Behavior close to the critical Fe doping
composition
Finally, we focus on Fe-doping levels lower than 2.5%,
i.e. the samples with suppressed ferromagnetic order-
ing temperature being thus close to the QCP.15 Inspect-
ing the low-temperature 11B NMR spectra of these sam-
ples we find that they retain a characteristic powder
quadrupole lineshape at all temperatures (insets to Fig.
6). This proves the absence of the strong internal fields
that would broaden the 11B NMR spectra, as was the case
for ferromagnetic 5% Fe-doped Cr2B at higher temper-
atures. The absence of the ferromagnetic-like resonance
signal in these samples down to 4 K provides additional
evidence for the absence of any magnetic order. On the
other hand, the temperature dependence of K(T ) is a
strong indication of a non-Fermi liquid state. Namely,
between room temperature and ∼ 70 K the shift follows
a Curie-Weiss-like dependence (Fig. 6), which seems to
be a general characteristic of all the Cr2B samples stud-
ied, both doped and undoped.
Fitting K(T ) in the temperature interval between 300
and 70 K reveals a significant Fe-doping dependence of
the NMR-determined Curie-Weiss temperature. While
we find a small but positive TCW = 8(3) K for 2.5%
doped samples and above, it is negative (antiferromag-
netic), TCW = −20(3) K, for the 2% doped material and
remains negative to lower Fe-dopeing levels. Similar to
the case for parent Cr2B, at lower temperatures Ks(T )
increases with a smaller power-law exponent, i.e. roughly
as T−1/4, before leveling off at lowest temperatures.
Compared to parent Cr2B, the anomaly in the tem-
perature dependence of K(T ) shifts from 35 K to 24 K
in the 2% Fe-doped sample (Fig. 6). Surprisingly, this
anomaly is not clearly observed in the spin-lattice re-
laxation rates, which are temperature independent, i.e.
1/T1T = 2.9 · 10
−3 s−1K−1, between 300 and 5 K. In
contrast to the 5% Fe-doped sample, there is no en-
hancement in 1/T1T that would suggest the develop-
ment of a ferromagnetic-like state at low temperatures.
The 11B NMR shift and the spin-lattice relaxation rate
data thus unambiguously show that Fe-doped Cr2B ma-
terials at concentrations lower than the critical 2.5%
value lack magnetic order, while systematically showing
electronic characteristics that deviate from conventional
Fermi-liquid behavior.
IV. DISCUSSION AND CONCLUSIONS
The insensitivity at room-temperature of the
quadrapole frequencies νQ [Fig. 2(b)] and
11B NMR
shifts [Fig. 2(a)] clearly demonstrates that Fe doping of
Cr2B at levels up to 5% does not significantly perturb
the local structural and electronic environment at the
B-sites. Yet, the emergence of the ferromagnetic-like
resonance (Fig. 4) and the large broadening of the
11B NMR spectra (Fig. 5) observed in 5% Fe-doped
Cr2B are consistent with the presence of magnetic
ordering at low temperatures when the Fe concentration
exceeds the critical value of xc ≈ 2.5%. Therefore, the
quantum paramagnetic to ferromagnetic transition at
zero temperature is indeed triggered by Fe doping at
7 
 
11B NMR shift (%)
2% Fe
5 K
-0.5 0.0 0.5
2.5% Fe
15 K
 
 
11B NMR shift (%)
4 10 100 350
10
100
1000
2% Fe
T-1/4
T-1  
K
 - 
(p
pm
)
Temperature (K)
FIG. 6. (color online). The temperature dependence of the
11B NMR Knight shift, Ks = K − σ, for 2% Fe-doped Cr2B
(open circles). The Knight shifts are extracted directly from
the shifts of the 11B NMR spectra, K, obtained by subtrac-
tion of the chemical shift σ = −253 ppm. The solid red lines
indicate that Ks ∝ T
−1 at high temperatures, and then grad-
ually changes to Ks ∝ T
−1/4 at low temperatures. Insets:
Low-temperature 11B NMR spectra (gray shaded area) mea-
sured for 2% Fe-doped Cr2B (T = 5 K) and 2.5% Fe-doped
Cr2B (T = 15 K). The solid red lines are lineshape fits with
K = 54 ppm, νQ = 496 kHz and δ1/2 = 155 kHz (Cr2B sam-
ple with 2% Fe doping) and K = 167 ppm, νQ = 450 kHz and
δ1/2 = 243 kHz (Cr2B sample with 2.5% Fe doping).
xc. So, what really changes after Fe-doping that drives
such transition? Our 11B NMR and ESR data highlight
two primary factors that constrain the discussion of
the paramagnetic to ferromagnetic transition in this
material: the non-Fermi-liquid behavior and the simul-
taneous presence of antiferromagnetic and ferromagnetic
correlations.
The non-Fermi-liquid behavior is revealed through the
strong temperature dependence of the 11B Knight-shift
found across the entire phase diagram (Fig. 7). All sam-
ples surprisingly show a Curie-Weiss-like dependence of
Ks at high temperatures. One possible explanation for
such a dependence is the presence of localized states in
the samples, originating either from defects (i.e. a slight
non-stoichiometry in case of the parent Cr2B) or from
an orbitally selective Mott transition34,35 in this multi-
band system. However, a crossover to a low-temperature
state where Ks follows T
−n with a power-law exponent
n ≤ 1/2 contradicts both these possibilities. Rather we
conclude that the Fe-doped Cr2B materials family is in-
deed close to a QCP as originally suggested.15 A very
similar temperature dependence of the Knight-shift has
been found in other archetypal materials close to a QCP,
where such dependence was attributed to the existence
of strong spin correlations in the metallic state.20
The second important finding relates to the origin of
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FIG. 7. (color online). Dependence of the NMR-determined
Curie-Weiss temperature TCW (open black circles) and mag-
netic ordering onset temperature Tc (solid blue circles) on the
of Fe-doping concentration of Cr2B. The dotted black and the
dashed blue lines are a guides to the eye. A transition is seen
from a paramagnetic non-Fermi liquid metal (NFL, yellow
shading) with predominant antiferromagnetic correlations to
a ferromagnetic metal (FM, blue shading) at the critical con-
centration xc = 2.5%.
spin fluctuations and their evolution with Fe-doping. The
analysis of the 11B spin-lattice relaxation data is consis-
tent with ferromagnetic fluctuations. These ferromag-
netic fluctuations coexist with antiferromagnetic corre-
lations deduced from the negative Curie-Weiss temper-
ature. Fe-doping does not significantly affect the fer-
romagnetic fluctuations. On the other hand, the Fe-
dependence of TCW (Fig. 7) suggests that the antifer-
romagnetic correlations gradually vanish as the doping
level approaches the critical Fe concentration. For higher
Fe-doping levels, ferromagnetic correlations prevail and
as a result the magnetic ordering temperature monoton-
ically and rapidly increases with x. What remains to be
answered in future work is why Fe-doping affects the fer-
romagnetic correlations to a much lesser degree than the
antiferromagnetic correlations.
In conclusion, we have systematically investigated the
effect of Fe-doping on the magnetism in the intermetallic
compound Cr2B.
11B NMR and ESR data suggest that
these materials may indeed be close to a quantum crit-
ical point at the critical Fe-doping level of xc ≈ 2.5%.
The data also reveal that antiferromagnetic and ferro-
magnetic correlations coexist in these materials, but are
differently affected by Fe-doping. At xc, ferromagnetic
correlations prevail and magnetic ordering is observed
at higher doping levels. Our characterization thus indi-
cates that intermetallic Cr2B as an interesting material
system where the effect of weak quenched disorder on a
ferromagnetic quantum phase transition can be system-
atically studied.
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